Attaching and effacing Escherichia coli (AEEC) strains isolated from diarrhoeic lambs and goat kids were characterized for intimin (eae) and EspB (espB) gene subtypes by PCR and sequencing, and for genetic relatedness by PFGE. Fifty (23 ovine and 27 caprine) AEEC strains of 398 (246 ovine and 152 caprine) analysed were detected by colony blot hybridization. These strains were epidemiologically unrelated since they were isolated from different outbreaks of neonatal diarrhoea over a long period. Ovine AEEC strains belonged to serogroups O2, O4, O26, O80, O91 or were untypable, and caprine strains belonged to serogroups O3, O153 and O163. Two intimin subtypes were detected among the ovine and caprine strains studied. 
INTRODUCTION
Attaching and effacing Escherichia coli (AEEC) are an emerging cause of diarrhoea in humans and animals. These bacteria cause a characteristic attaching and effacing (AE) lesion in the gut mucosa because of the intimate bacterial adhesion to the enterocyte and effacement of the brush border microvilli (Moon et al., 1983) . AEEC strains have been isolated from a number of animal species, including rabbits, pigs, cows, sheep, goats and dogs (Broes et al., 1988 ; Cantey & Blake, 1977 ; Kuvda et al., 1996 ; Moxley & Francis, 1986 ; Zhu et al., 1994) . Human enteropathogenic E. coli (EPEC) and human enterohaemorrhagic E. coli (EHEC) cause AE lesions in the intestinal mucosa (reviewed by Frankel et al., 1998) . EPEC were epidemiologically incriminated as a cause of sporadic and epidemic infantile diarrhoea in the 1940s and 1950s and have continued to be an important cause of infantile diarrhoea and mortality in developing countries (Nataro & Kaper, 1998) . EHEC cause diarrhoea or haemorrhagic colitis (HC) in humans, leading to a life-threatening complication termed haemolytic uraemic syndrome (HUS) (Nataro & Kaper, 1998) . EHEC strains are zoonotic foodborne pathogens, and cattle are the most important animal reservoir of these strains (Griffin & Tauxe, 1991 ; Wells et al., 1991) . AE lesions are the most significant feature of the pathogenesis of EPEC infections (Nataro & Kaper, 1998) . EHEC strains also produce Shiga toxins (Stxs), which are essential for the development of HC and HUS (Nataro & Kaper, 1998) . Two classes of AEEC strains have also been isolated from cattle : those which only produce AE lesions and those which produce Stxs in addition to AE lesions (Mainil et al., 1993 ; China et al., 1998 China et al., , 1999b . Both classes of AEEC strains are frequently isolated from diarrhoeic calves and have been associated with enteric disease in neonatal calves (Fischer et al., 1994 ; Moxley & Francis, 1986 ; Wieler et al., 1998) . They are usually referred to as bovine EPEC and bovine EHEC by analogy with human strains. In rabbits, AEEC strains are well-established aetiological agents of diarrhoea, and are known as rabbit EPEC (REPEC) (reviewed by Milon et al., 1999) . In addition to these groups of AEEC, other enteropathogenic bacteria, including Hafnia alvei, which has been isolated from children with diarrhoea, and Citrobacter rodentium, the causative agent of transmissible colonic hyperplasia in laboratory mice, cause AE lesions in the intestine (Albert et al., 1992 ; Shauer & Falkow, 1993) .
All the genes necessary for AE lesion formation by human EPEC are encoded in a pathogenicity island called the locus for enterocyte effacement (LEE) (McDaniel et al., 1995 ; McDaniel & Kaper, 1997) . The LEE is present in all the bacteria that induce AE lesions (McDaniel et al., 1995 ; Wieler et al., 1998) . The complete sequences for the LEE of human EPEC strain E2348\69 and human EHEC O157 : H7 strain EDL933 have been determined (Elliot et al., 1998 ; Perna et al., 1998) . The LEE encodes a type III secretion system, a series of proteins secreted by this system called Esps (for EPEC secreted proteins), intimin, which mediates intimate bacterial adhesion to epithelial cells, and Tir, a receptor for intimin which is translocated into host cells (reviewed by Frankel et al., 1998) . The eae gene, encoding intimin, has been sequenced in a variety of AE bacteria including human EPEC and EHEC (Jerse et al., 1990 ; Yu & Kaper, 1992 ; McGraw et al., 1999) , AEEC strains isolated from a rabbit, a calf, a dog and a pig (Agin et al., 1996 ; An et al., 1997 ; China et al., 1999b) , and C. rodentium and H. alvei (Frankel et al., 1994 ; Schauer & Falkow, 1993) . Comparison of the deduced amino acid sequences has revealed that intimins are highly conserved proteins at the N-terminal region, but highly variable at their C-termini. The differences in amino acid sequences at the C-termini are correlated with antigenic variation (Frankel et al., 1994) . On the basis of antigenic variation, PCR analysis and sequencing, at least five subtypes of intimins have been identified : α, β, γ, ∆ and ε (Agin & Wolf, 1997 ; AduBobie et al., 1998 ; Oswald et al., 2000) . It appears that specific intimin subtypes are associated with the distinct lineages of human EPEC and EHEC (Adu-Bobie et al., 1998) .
The second gene that was identified in EPEC as necessary for induction of AE lesions was the espB gene (Donnenberg et al., 1993) . Secretion of the EspB protein is essential for signal transduction in host cells and AE lesion formation (Foubister et al., 1994) . However its function has not been elucidated. The espB gene has been sequenced in several strains, including human EPEC (Donnenberg et al., 1993) , human and bovine EHEC (Ebel et al., 1996) , and rabbit EPEC (Abe et al., 1997) . Comparison of the deduced amino acid sequences has revealed that, like intimins, EspB are highly variable proteins. The variability in genes encoding proteins that interact directly with the host, in contrast to other LEEencoded proteins, which are highly conserved, suggests that these variable proteins are subject to selection for evasion of the host immune system (Frankel et al., 1998) .
In small ruminants, AEEC strains and their possible association with diarrhoea in neonatal animals have not been studied, although AE lesions have been observed in these animals (Janke et al., 1989 ; Drolet et al., 1994 ; Duhamel et al., 1992) . The aim of this study was to investigate the variability of eae and espB, two genes of the LEE directly involved in interactions with the host, in AEEC isolates from diarrhoeic lambs and goat kids. In addition, genetic relatedness of selected strains was investigated by PFGE.
METHODS
Bacterial strains. A total of 398 E. coli strains isolated from diarrhoeic lambs (246 strains) and goat kids (152 strains) were used in this study. These E. coli strains were part of our field strain laboratory collection and were isolated from different outbreaks of ovine and caprine neonatal diarrhoea in the central region of Spain. The strains were isolated from the faeces of diarrhoeic animals up to 21 d old ; one strain per animal was selected. All strains have been examined for production of verotoxins (VT1 and VT2) and cytotoxic necrotizing factors (CNF1 and CNF2), and their serogroup determined as described previously Cid et al., 1996) . Eight ovine strains and one caprine strain produced VT1, and two caprine strains produced CNF2 (see Table 2 ). Bacterial strains were maintained in semisolid nutrient broth (Difco) and plated out on blood agar medium (BioMe! rieux) as needed. The typable ovine and caprine strains belonged to 40 different serogroups ; 25 % of strains were untypable. The EPEC strains E2348\69 (O127 : H6) and E2430\78 (O111 : NM), the EHEC strain EDL933 (O157 : H7) and the rabbit EPEC strain RDEC-1 (O15 : NM) were used as prototype strains carrying eae and espB gene subtypes.
Detection of AEEC strains by colony hybridization. The presence of eae gene sequences among E. coli field strains was determined by colony hybridization using the 1 kbp SalI-KpnI fragment derived from the plasmid pCVD434 as the eae probe (Jerse et al., 1990) . The DNA fragment was obtained by digestion, resolved by electrophoresis in 1 % agarose gels and purified with the Qiaquick gel extraction kit (Qiagen). The DNA probe was labelled by random priming using [α-$#P]dCTP and the random-primed DNA labelling kit (Amersham Life Science) according to the manufacturer's instructions. Bacterial strains were grown on Luria-Bertani (LB) broth overnight at 37 mC and 2 µl of each broth culture was inoculated onto LB agar and this further incubated at 37 mC overnight. Colonies were transferred onto nylon membranes (Hybond-N, Amersham Life Science) and subjected to cell lysis, DNA denaturation and neutralization. DNA was fixed by UV cross-linking. Hybridizations were performed overnight at 65 mC in 7 % SDS, 0n5 M sodium phosphate (pH 7n2), 1 mM EDTA. Membranes were washed for 20 min at 65 mC in 2iSSC (1iSSC is 0n15 M NaCl plus 0n015 M sodium citrate)\0n1 % SDS and 20 min at 65 mC in 0n1i SSC\0n1 % SDS, and autoradiographed.
PCR amplification and nucleotide sequencing of eae genes.
Bacterial DNA samples for amplification were obtained with cetyltrimethylammonium bromide as described by Ausubel et al. (1991) . PCR reactions were performed in a final volume of 100 µl containing 1iPCR buffer (Perkin Elmer), 0n2 mM deoxynucleoside triphosphates, 1n5 mM MgCl # , 0n5 µM of each primer and 2n5 U AmpliTaq Gold polymerase (Perkin Elmer). PCR conditions used for all primers were a first cycle of denaturation at 94 mC for 10 min, 30 cycles of denaturation at 94 mC for 1 min, annealing at 50 mC for 1 min and extension at 72 mC for 3 min, and a final extension at 72 mC for 10 min.
PCR to amplify the 5h region of the eae gene from field strains was performed with the forward primer AE9 (5h-ACG TTG CAG CAT GGG TAA CTC-3h) previously described by Gannon et al. (1993) and the reverse consensus primer rEAE5 (5h-CGA AGT CTT ATC AGC CGT AAG T-3h) complementary to bases 1685-1707 of the gene of strain E2348\69 (Jerse et al., 1990) . This primer pair amplifies a 2n3 kbp fragment comprising the 5h end of the eae gene and 590 bp upstream of the gene. PCR products were analysed by electrophoresis in 1 % agarose gels, recovered with the Qiaquick gel extraction kit (Qiagen) and characterized by restriction analysis with PstI (New England Biolabs). Purified PCR products obtained from two independent PCR reactions were ligated into the pMOSBlue vector and the plasmids generated used to transform competent E. coli strains using the pMOSBlue T-vector kit (Amersham Life Science). Transformants were selected on LB agar containing ampicillin (100 µg ml − ") and the presence of the appropriate fragment confirmed by PCR. DNA sequences of cloned PCR fragments were determined by automated sequencing using primers based on the previously determined sequence and a 373A DNA sequencer (Applied Biosystems). The sequences obtained were compared with eae gene sequences in the databases using the  program. The information generated in this manner was used to select reverse primers to amplify the 3h region of eae genes. Reverse primers were based on the 3h region of published eae gene sequences. These primers were combined with the forward primer fEAE-5, which is complementary to the rEAE-5 primer. PCR products obtained from two independent reactions were cloned and sequenced as described above. Finally, the entire genes were amplified using appropriate primers selected from those used to sequence the genes and sequences were confirmed by automated sequencing directly on purified PCR products. Sequences were compared with sequence databases using the  program. Multiple alignments of the sequences obtained and published eae sequences were performed with  (Higgins & Sharp, 1988) . Samples of bacterial DNA were digested with PstI and EcoRI (New England Biolabs) ; the restriction fragments were resolved by electrophoresis in 1 % agarose gels and transferred onto nylon membranes (Hybond-N + , Amersham Life Science).
The DNA probe for detection of espB was generated by PCR amplification from EPEC reference strain E2348\69 (Donnenberg et al., 1993) . A 930 bp fragment of espB was amplified with the feaeB and reaeB primers previously described by Beaudry et al. (1996) (Table 1) . Bacterial DNA from strain E2348\69 was released by boiling in 500 µl sterile water at 100 mC for 10 min. The boiled suspension was centrifuged and 10 µl of the supernatant used as template. The amplification reactions were performed in a final volume of 100 µl containing 1iPCR buffer II (Perkin Elmer), 0n2 mM of each deoxynucleoside triphosphate, 1n5 mM MgCl # , 0n5 µM of each primer, 2n5 U AmpliTaq Gold polymerase (Perkin Elmer) and 10 µl of the DNA template. PCR reactions were carried out using an initial incubation at 94 mC for 10 min followed by 30 cycles of denaturation at 94 mC for 1 min, annealing at 55 mC for 1 min and elongation at 72 mC for 1 min, and a final incubation at 72 mC for 5 min. PCR products were separated by electrophoresis in 1 % agarose gels, purified with the Qiaquick gel extraction kit (Qiagen) and labelled by randomprimed DNA synthesis in the presence of [α-$#P]dCTP as described above. Southern blot hybridizations with the espB probe were performed as described above for colony hybridization with the eae probe.
PCR to amplify espB gene subtypes from eae-positive field strains and sequencing. Primers were designed on the basis of previously published nucleotide sequences of espB genes. DNA sequences were obtained from the GenBank database and aligned using . DNA sequences of espB genes used in this study included those of human EPEC strain E2348\69 (GeneBank accession A21555), human EHEC O157 : H7 strain EDL933 (X96953, Y13068), rabbit EPEC strain RDEC-1 (ECU80796), rabbit EPEC strain B10 (AF054421), calf STEC strain 413\89-1 (X99670), dog EPEC strain 4221 (ECU65681) and swine AEEC strain 1390 (AF064683). Primers were selected on the basis of sequence identity, annealing temperature and size of predicted PCR products (Table 1) . Primers feaeB and reaeB, designed by Beaudry et al. (1996) , were also used. Bacterial DNA was obtained by incubating cells suspended in sterile water at 100 mC for 10 min. The suspension was centrifuged and the supernatant used as template. PCR reactions were carried out in a final volume of 50 µl, containing 10 µl of the DNA template, 0n5 µM of each of the Beaudry et al. (1996) . † Position numbers are from the nucleotide sequence of the espB gene of strain E2348\69 (GenBank accession number Z21555). ‡ PCR product obtained in association with primer B1. § PCR product obtained in association with primer reaeB.
appropriate primers, 0n2 mM of each deoxynucleotide triphosphate, 5 µl PCR buffer II (Perkin-Elmer), 3 µl 25 mM MgCl # solution and 1n5 U AmpliTaq Gold polymerase (Perkin-Elmer). PCR amplifications were performed with an initial denaturation at 94 mC for 10 min, 30 cycles of 94 mC for 1 min, 50 mC for 1 min and 72 mC for 1 min, and a final incubation at 72 mC for 10 min. Twenty microlitres of each reaction mixture was analysed by electrophoresis in 1 % agarose gels. The nucleotide sequences of selected espB PCR products were determined directly from purified PCR products. The sequences of both strands were determined using the amplification primers and an Applied Biosystems model 373 A automated DNA sequencer. Analysis and assembly of sequences were performed with the Chromas (1.43) program and searches for homologous sequences in the databases were done with the  program. PFGE. Genomic DNA for contour-clamped homogeneous electric field electrophoresis (CHEF) was prepared in agarose plugs as described by Smith & Cantor (1987) . Genomic DNA of selected strains was digested with restriction enzymes SfiI or NotI (New England Biolabs) according to the manufacturer's instructions. Restriction fragments were separated in 1 % agarose gels using a CHEF apparatus (LKB) with pulse time conditions varied depending on the size range of fragments to be resolved. A lambda ladder (New England Biolabs) was used as molecular size marker. The PFGE patterns were compared by the unweighted pair group method with arithmetic averages (UPGMA) clustering method using the Dice coefficient. Relationships between isolates were determined using the criteria of Tenover et al. (1996) .
Rabbit ligated intestinal loop assay and demonstration of AE
lesions. The ability of bacterial strains to produce AE lesions was determined in the rabbit ligated intestinal loop assay (Moon et al., 1983) . Bacteria were grown in Penassay broth (Difco) at 37 mC overnight. They were washed once and resuspended in 10 mM phosphate-buffered saline (PBS), pH 7n4, at a final concentration of approximately 1n5i10) c.f.u. ml − ". Three-month-old New Zealand White rabbits were used. One millilitre of bacterial suspension was inoculated into each ligated loop. After 18 h, rabbits were killed by intravenous injection of sodium pentobarbital and tissue samples were taken for light and electron microscopic examination. Each strain was tested in at least two different animals.
RESULTS

Prevalence of eae in ovine and caprine E. coli strains
Colonies of 50 of the 398 strains, 23 ovine and 27 caprine, hybridized with the eae probe ( Table 2 ). The 23 ovine eae-positive strains belonged to only five serogroups of the 39 serogroups analysed, or were untypable. The 27 caprine eae-positive strains belonged to three of the 19 serogroups analysed. All the ovine strains belonging to serogroups O2, O26, O80 and O91 and all the caprine strains belonging to serogroups O3, O153 and O163 were eae-positive, whereas only two of the seven ovine strains belonging to serogroup O4 were eaepositive (Table 2) . None of the eae-positive strains were verotoxigenic, but two caprine eae-positive O153 strains produced CNF2.
Analysis and sequencing of eae genes
Since eae genes of ovine and caprine E. coli strains have not been described previously, we decided to amplify the highly conserved 5h region of eae genes from field strains to analyse them further. All the strains that were positive by colony hybridization yielded products of 2n3 kbp (Table 3 ). The PCR products were digested with PstI and the restriction patterns obtained were compared with the PstI restriction map of the corresponding 5h region of eae nucleotide sequences of α intimin prototype strain E2348\69, β intimin prototype strain RDEC-1 and γ intimin prototype strain EDL933 (Fig. 1) . Two different patterns were observed among 5h eae regions of field strains. Pattern I, which was identical to the restriction pattern of the 5h eae region of β intimin prototype strain RDEC-1, was obtained from PCR products from 43 strains, and pattern II, identical to the restriction pattern of the 5h eae region of α and γ intimin prototype strains, was obtained from PCR products from seven of the ovine strains. A caprine strain, CK379, which yielded pattern I and an ovine strain, CL559, which yielded pattern II were selected for sequencing of the 5h eae region. The DNA sequences of the 5h regions of both strains were analysed and compared with published eae sequences. The DNA sequence of the 5h eae region of strain CK379 showed the highest identity (99n6 %) with that of rabbit strain RDEC-1 (Agin et al., 1996 ; GenBank accession no. ECU60002) and the DNA sequence of the 5h eae region of strain CL559 showed the highest identity (99 %) with that of the human O111 : NM EHEC strain 95NR1 (Voss et al., 1998 ; GenBank accession no. AF025311). Analysis of the sequences also revealed the presence of an ORF of 471 bp encoding a predicted protein of 156 amino acids. Comparison with sequence databases indicated that these ORFs were identical to the highly conserved orfU gene of the LEE. The 471 bp ORF of strains CK379 and CL559 showed 100 % identity with orfU of strains RDEC-1 (Agin et al., 1996) and 95NR1 (Voss et al., 1998 ; GenBank accession no. AF025311), respectively. On the basis of the DNA sequence similarity found, two reverse primers were designed to amplify the 3h region of eae genes of strains CK379 and CL559. Primer END379 (5h-GTA CAA TAA AAA ATC CCG GAA A-3h) was based on the eae region sequence of strain RDEC-1 (ECU 60002) 30 bp downstream of the termination codon. Primer END559 (5h-AGA AGA AGA TAA TAA AGA AAC A-3h) was based on the eae region sequence of strain 95NR1 (AF025311) 29 bp downstream of the termination codon. PCR products of approximately 1200 bp were amplified from CK379 and CL559 genomic DNA with primers fEAE5 and END379 and primers fEAE5 and END559, respectively. These products were cloned and sequenced and, as expected, showed the highest sequence identity with the 3h eae regions of strains RDEC-1 and 95NR1, respectively. Finally, a common forward primer EAE1 (5h-AGG AAA TTA GTT CAA GCG ATA-3h) starting at k108 and k105 bp relative to the initiation codon of eae genes of strains CK379 and CL559, respectively, was designed. This primer was combined with primers END379 and END559 to amplify the entire eae gene of strains CK379 and CL559. The PCR products obtained were sequenced and this confirmed the eae gene sequences of strains CK379 and CL559, as well as the high degree of sequence identity with those of strains RDEC-1 (99 %) and 95NR1 (98 %), respectively. The intimin C-terminal domains of strains CK379 and CL559 were also compared with those of published α, β, γ, δ and ε intimins of several prototype strains and intimin of human EHEC strain 95NR1 by multiple sequence alignment, and a phylogenetic tree was constructed from this alignment (Fig.  2 ). This analysis revealed that the intimin C-terminus of strain CK379 was nearly identical to that of β intimins of rabbit EPEC strain RDEC-1 (Agin et al., 1996) and human O114 : H2 EPEC strain ICC61 (Adu-Bobie et al., 1998) . Thus, intimin of strain CK379 was classified as β intimin. The intimin C-terminus of strain CL559 shared the greatest sequence identity (96n5 %) with that of strain 95NR1 (Voss et al., 1998) , but also showed a high degree of identity with the C-termini of γ intimins of human O157 : H7 EHEC strains (76 %) and with the human EPEC strain O55 : H7 DEC5d (75 %) (McGraw et al., 1999) . On the basis of this identity, the intimin of strain CL559 was considered to be a variant of γ intimin and termed γ V . 
Fig. 2.
Phylogenetic tree based on CLUSTAL W multiple sequence alignment of the amino acid sequences of the C-termini of intimins from caprine strain CK379 (GenBank accession no. AF253560) and ovine strain CL559 (AF253561) with those of published intimin subtypes starting from the conserved and universal amino acid sequence ASITEIKA. GenBank accession numbers of the intimin subtypes were Z11541 (strain EDL933), AF081184 (strain DEC5d), AF025311 strain (95NR1), AF116899 (strain PMK5), AF022236 (strain E2348/69), Y13112 (strain ICC95), U66102 (strain 4221) and U59503 (strain RDEC-1). The percentages of 2000 bootstrap replicates supporting each cluster are shown along the branches. Phylogenetic analysis was performed using the neighbour-joining method as implemented in CLUSTAL W.
The primer pairs fEAE5jEND379 and fEAE5j END559 were then used to investigate by PCR the prevalence of the β and γ V intimin genes in the ovine and caprine eae-positive strains detected in this study. The intimin β gene was found in 43 strains, including CK379, and the intimin γ V gene was found in seven strains, including CL559. All the strains with γ V intimin yielded the same PstI restriction pattern from the 5h eae region as strain CL559 (Table 3) .
Identification of espB genes and sequencing
To identify espB genes of ovine and caprine eae-positive strains, genomic DNAs were analysed by Southern blot hybridization with an espB probe consisting of a 930 bp PCR fragment of the espB gene of EPEC prototype strain E2348\69, which comprised nearly the entire espB gene.
Only seven strains, all of ovine origin, hybridized with this probe (Table 4 ) even under hybridization conditions of low stringency. The presence of an espB gene similar to the espB of strain E2348\69 correlated with the presence of an eae gene encoding intimin subtype γ V . Strains with an eae gene encoding the β intimin subtype were not detected by the probe (Table 4) . Two of the espB-positive strains (CL559 of serogroup O91 and CL617 of serogroup O2) were selected for determining the extent of the similarity of their espB with that of human EPEC strain E2348\69. The nucleotide sequences of the 930 bp fragments generated by PCR from strains CL559 and CL617 were identical to each other, and had 95 % identity with the corresponding fragment of the espB gene of strain E2348\69 (Donnenberg et al., 1993) .
To detect other espB types among the eae-positive, espB probe-negative ovine and caprine strains, a PCR test was developed. Examination of published DNA sequences of espB genes by multiple alignment revealed that there were at least three subtypes of espB genes. One type included the espB genes of the human prototype EPEC strain E2348\69 (Donnenberg et al., 1993) and the canine strain 4221 (ECU65681). A second type was represented by the espB gene of the human EHEC strain EDL933 (Ebel et al., 1996) . The third type was represented by the espB gene of the rabbit EPEC strain RDEC-1 (Abe et al., 1997) ; this type also included the espB genes of the rabbit EPEC strain B10 (AF054421), the calf STEC strain 413\89-1 (Ebel et al., 1996) and the swine AEEC strain 1390 (AF064683). We designated the espB subtypes of prototype strains E2348\69, RDEC-1 and EDL933 as espBα, espBβ and espBγ, respectively, by analogy with the designations of the intimin types of these prototype strains. This nomenclature has also been proposed by China et al. (1999a) . Primers were designed on the basis of the published nucleotide sequences of espB genes. Reverse specific PCR primers for espBβ and espBγ subtypes were designed based on regions of low identity between subtypes, and the forward consensus primer B1 was based on a highly conserved region. Primer reaeB (Beaudry et al., 1996) was used as reverse primer for the espBα subtype. The specificity of these PCR primers for espB gene subtypes was tested by using prototype strains for each subtype in three independent PCR assays ( Table 4) .
The results of the PCR assays showed that each primer 
Source and serogroup (no. of strains) Ovine strains NT (4)
* Intimin types of reference strains have been published previously (see text) ; intimin types of ovine and caprine strains were determined in this study (see Table 3 ). † All the strains belonging to one serogroup yielded identical results by PCR. ‡ The espB probe was a 930 bp fragment of the espB gene of human EPEC strain E2348\69 obtained by PCR. , Not done. § The espB genes of the prototype strains E2348\69, RDEC1 and EDL933 have been previously published and they were designated espBα, espBβ and espBγ subtype, respectively, in this study (see text). ¶ The espB subtypes of the ovine strains CL559 and CL617 were determined by sequencing and the espB subtype of strain E2430\78 was determined by PCR typing.
pair amplified a specific PCR product from the corresponding prototype strain and did not amplify any PCR product from strains with a heterologous espB gene subtype. EPEC strain E2430\78 (serotype O111 : NM), which has been shown to posses β intimin (Agin & Wolf, 1997) , and strains CL617 and CL559 (this study), which harbour espB genes homologous to that of strain E2348\69, were also included. Strain E2430\78 yielded the expected espBβ product with primers B1jB3. Strains CL559 and CL617 yielded product exclusively with the B1jreaeB primer pair, corresponding to an espBα gene subtype. The remaining eae-positive ovine and caprine strains were also analysed for espB subtype by PCR in three independent assays with each primer pair. The PCR results (Table 4) showed that all the strains that were negative by Southern hybridization with the espB probe produced a specific PCR product of the expected size with primer pair B1jB3, corresponding to the espBβ gene subtype. The presence in these strains of an espB gene homologous to that of strain RDEC-1 was confirmed by sequencing the PCR products from strains CK379 and CL398. Nucleotide sequences of the espB genes of both strains had 100 % identity with the corresponding DNA sequence of the espB gene of strain RDEC-1 (Abe et al., 1997) .
PFGE analysis of AEEC strains
Six ovine (one of each identified serogroup and one untypable) and six caprine (two of each identified serogroup) eae-positive strains were selected for PFGE analysis (Fig. 3) . The selected strains were epidemiologically unrelated, as they were collected in different years from different animals and different farms. All these selected strains induced typical AE lesions in the rabbit ligated ileal loop assay. The ovine and caprine strains adhered closely to ileal enterocytes and this adhesion was characterized by microvillus effacement and the induction of cup-like structures underneath adhering bacteria (Fig. 4) . The profiles of chromosomal DNA fragments generated using SfiI were compared in these representative strains. 
Fig. 3.
Dendrogram illustrating the relatedness of AEEC strains isolated from diarrhoeic lambs and goat kids and the serogroup, intimin and espB gene subtypes of strains. All these strains were shown to produce AE lesions in the rabbit ligated intestinal loop assay (Moon et al., 1983) . The tree was constructed by applying the unweighted pair-group method with arithmetic means to a matrix resulting from comparison of SfiI PFGE patterns. Although a different PFGE pattern was observed for each strain, SfiI-digested genomic DNA of caprine strains belonging to the same serogroup had fewer than three differing bands, and they were considered closely related according to the criteria of Tenover et al. (1996) . This finding was confirmed using the restriction enzyme NotI. The PFGE profile of the untypable ovine strain CL258 had fewer than six differing bands when compared to the two serogroup O3 caprine strains (CK379 and CK513), suggesting that they may be related strains. A dendrogram was constructed to show the degree of relatedness between AEEC strains based on SfiI PFGE patterns using the Dice coefficient and UPGMA clustering. A group of six strains formed a cluster with similarity levels higher than 71 % (Fig. 3) . This group included the serogroup O3 and O153 caprine strains and the untypable and serogroup O26 ovine strains. The two serogroup O163 caprine strains were more than 97 % similar and formed a group with similarity levels higher than 59n4 % with the serogroup O80 ovine strains. All but one of the strains with β intimin and espBβ gene subtypes formed a group with similarity levels greater than 40 %. The exception was the ovine serogroup O4 strain (Fig. 3) . The two strains with the γ V intimin and espBα gene subtypes showed the greatest genomic divergence (Fig. 3) .
DISCUSSION
Two intimin subtypes were identified by analysis of eae genes in the ovine and caprine E. coli strains analysed in this study. Most of the eae-positive strains (43\50) had β intimin genes. This subtype seems to be the most widespread intimin subtype among human and animal AEEC strains ; it has been found in human EPEC and EHEC strains, bovine EPEC and EHEC strains, rabbit EPEC strains, and AEEC strains of pig, dog and bird origin (Agin & Wolf, 1997 ; Adu-Bobie et al., 1998 ; China et al., 1999b ; McGraw et al., 1999 ; Oswald et al., 2000) , and, in our study, in ovine and caprine AEEC strains. Intimin β is almost identical in human EPEC and EHEC, rabbit EPEC, swine AEEC and bovine EHEC strains (Agin & Wolf, 1997 ; China et al., 1999b) . The amino acid sequence deduced from the eae gene of the caprine strain CK379 was also nearly identical to those of previously reported β intimins.
The other intimin subtype detected in seven of the ovine AEEC strains studied was classified as a variant of γ intimin (termed γ V ) on the basis of the identity of the deduced amino acid sequence of its C-terminal domain with those of previously published γ intimin sequences. Intimin γ is present in EHEC strains of clone 1 (serotypes O157 : H7 and O157 : H-) and the atypical EPEC clone (serotype O55 : H-) from which O157 : H7 EHEC strains are believed to have evolved (Whitman et al., 1993) . The γ intimins of these strains are virtually identical, supporting the hypothesis that they belong to a single clonal lineage (McGraw et al., 1999) . The C-terminus of the γ V intimin of the ovine strain CL559 had 75-76 % sequence identity with γ intimin of EHEC clone 1 (McGraw et al., 1999) , and 96 % identity with intimin of the human O111 : H-EHEC strain 95NR1 isolated from a patient with HUS and belonging to EHEC clone 2 (Voss et al., 1998) . It is possible that these differences in amino acid sequence in the cell-binding domain represent antigenic variations, as Voss et al. (1998) found that serum from a HUS patient infected only with a serotype O111 : H-EHEC strain reacted with intimin from an O111 EPEC strain, but not with that of an EHEC strain of clone 1. Recently, Oswald et al. (2000) detected intimin γ in human EHEC strains of clone 2 (serotypes O111 : H-and O111 : H8), and in human EPEC strains of serotypes O127 : H40, O128 : H8 and O128 : H-using PCR analysis. On the basis of the PstI restriction patterns of PCR products derived from the intimin gene, these authors differentiated two subtypes of γ intimin, the first (γ1) shared by the EHEC strains of clone 1, and the second (γ2) represented by EHEC O111 and EPEC O127 : H40 and O128 : H8 (Oswald et al., 2000) . The intimin γ2 detected by Oswald et al. (2000) in EHEC strains of clone 2 probably corresponds to the γ V intimin identified in human EHEC strain 95NR1 by Voss et al. (1998) and in the CL559 ovine strain in our study. The two subtypes of γ intimin may correspond to distinct clonal lineages of E. coli.
In this study, we developed a PCR test to identify the three different espB gene subtypes detected by analysis of espB published sequences (espBα, espBβ and espBγ). Two types of espB gene were found among ovine and caprine strains by PCR, espBα and espBβ. Using a multiplex PCR assay, China et al. (1999a) also detected these two espB gene subtypes in bovine AEEC strains. Sequencing of PCR products from two selected strains with espBα (CL559 and CL617) and two with espBβ (CK379 and CL398) confirmed the espB gene classification using the PCR assay. Only the ovine strains with an espBα gene hybridized with the espB probe derived from the espB gene of the human EPEC strain E2348\69. Previous studies have found that most AEEC strains isolated from diarrhoeic calves did not hybridize with the same espB probe as used in our study (Wieler et al., 1998 ; China et al., 1998) . The PCR test developed in our study was found to be highly specific, and it will be useful for identification of espB gene subtypes in AEEC strains isolated from animals and humans.
In the strains studied, we found a close correlation between the intimin β type and the espBβ gene subtype. It has been shown that the strain RDEC-1 and the bovine EHEC strain 413-89-1 possessed identical espB genes (Ebel et al., 1996 ; Abe et al., 1997) . Analysis by multiple sequence alignment of published espB gene sequences revealed that other rabbit EPEC strains, and the swine strain 1390, also possessed espB genes identical to that of RDEC-1, and all of these strains contain β intimin genes. Therefore, there seems to be a correlation between β intimin and espBβ subtype in AEEC strains of different origins. In addition to the eae and espB genes, the orfU gene of strain CK379 was also characterized, and it was identical to that of the prototype rabbit EPEC strain RDEC-1 (Abe et al., 1997) . Since eae and espB are among the most variable genes of the LEE (Elliot et al., 1998 ; Perna et al., 1998) , it is possible that the entire LEE of strain CK379 was identical to that of RDEC-1. The ovine strains with γ V intimin possessed an espB gene subtype (espBα) different from the espBγ detected in the EHEC clone 1 prototype strain EDL933 possessing γ intimin. The espB genes of EHEC clone 2 or animal AEEC strains producing γ intimin have not yet been sequenced, so it is uncertain whether EHEC clone 2 strains possess an espB similar to the espBα defined in this study. However, the results of China et al. (1999a) suggest that the association between intimin and espB gene subtypes described in this study is also present in bovine AEEC and in human EHEC strains. Using a multiplex PCR assay, these authors detected three different combinations : β intimin with espBβ, γ intimin with espBα, and γ intimin with espBγ. The last combination was only detected in O157 : H7 EHEC strains of clone 1, whereas the combination γ intimin\espBα was present in human EHEC strains of serogroup O111 and in bovine AEEC strains of different serogroups. It is possible that at least some of these strains with the espBα gene subtype possess the γ V intimin rather than the γ intimin since the primers used for amplification of γ intimin by China et al. (1999a) do not allow distinction between γ and γ v intimin. The ovine and caprine AEEC strains belonged to eight different serogroups (O2, O4, O26, O80, O91, O3, O153 and O163) or were untypable. It has been established that many serotypes of E. coli are genetically heterogeneous and, thus, the classification of strains based solely on O : H serotyping is not always indicative of genetic relatedness (Whittman et al., 1993) . PFGE typing combined with genetic analysis of virulence determinants has been shown to be useful for evaluation of genetic relatedness of pathogenic E. coli strains (Arbeit et al., 1990 ; Rios et al., 1999) . In this study, PFGE typing showed that two strains with γ V intimin and espBα genes were genetically more distant than the strains with β intimin and espBβ genes (Fig. 3) . Among the latter, although a high degree of diversity was also found, a group of six (four caprine and two ovine) strains formed a cluster with 71 % or greater similarity and, according to the criteria of Tenover et al. (1996) , three of these epidemiologically unrelated isolates (the ovine CL258 and the caprine CK379 and CK513 strains) are possibly related genetically. Moreover, caprine strains with the β intimin and espBβ genes belonging to the same serogroup were also closely related, suggesting that they evolved from a common ancestor containing the LEE. In cattle, both EPEC and EHEC strains are frequently isolated from diarrhoeic calves (Mainil et al., 1993 ; China et al., 1998 ; Wieler et al., 1998) and both types of strains have been shown to be pathogenic for neonatal calves (Moxley & Francis, 1986 ; Fischer et al., 1994) . In contrast, the pathogenicity of AEEC strains for small ruminants has not been investigated, although the occurrence of AE lesions in these animals has been reported (Janke et al., 1989 ; Duhamel et al., 1992 ; Drolet et al., 1994) . AEEC strains isolated from diarrhoeic lambs and kids seem to be different from those isolated from diarrhoeic calves. None of the ovine and caprine eae-positive E. coli strains analysed in this study produced Stxs, and we have previously found that production of Stxs is not a common characteristic of E. coli strains isolated from diarrhoeic lambs and goat kids Cid et al., 1996) . Most of the ovine and caprine AEEC strains characterized in this study possessed the β intimin gene. This intimin subtype is the most frequent subtype among EPEC strains isolated from diarrhoeic calves (China et al., 1999b) , and it is also characteristic of rabbit EPEC (Agin & Wolf, 1997 ; Adu-Bobie et al., 1998) . Ovine and caprine strains with β intimin were able to induce AE lesions in the rabbit ligated ileal loop model and they did not produce Stxs. Thus, these ovine and caprine AEEC strains should be classified as EPEC. It is possible that some of these strains, especially those of serogroup O26, which has been shown to be associated with enteric disease in calves and humans (China et al., 1999b ; Mainil et al., 1993 ; Nataro & Kaper, 1998) , are pathogenic for lambs and kids. The association of the ovine AEEC strains possessing intimin γ V with neonatal diarrhoea appears less likely. The isolation rate from diarrhoeic lambs is low, and it has been shown that intimin γ is more frequent in EPEC strains isolated from healthy cattle than in EPEC isolated from diarrhoeic calves (China et al., 1999b) . Intimin γ is characteristic of human EHEC strains, which cause HC and HUS (Adu-Bobie et al. 1998 ; MGraw et al., 1999) , and adult sheep are reservoirs of strains pathogenic for humans (Beutin et al., 1996 ; Kuvda et al., 1996) . Although lambs could also be a reservoir of strains pathogenic for humans, the AEEC with the γ V intimin subtype did not produce Stxs. We found that these strains possessed a γ V intimin, which differed from γ intimin of the human O157 : H7 EHEC. This γ V intimin was present in the human O111 : H-EHEC strain 95NR1 isolated from patients with enteric disease or HUS in an outbreak of disease caused by contaminated fermented sausage (Voss et al., 1998) . It is possible that the ovine AEEC strains with γ V intimin characterized in this study are normal inhabitants of the gut of sheep. Further studies to investigate the distribution of intimin subtypes among E. coli strains isolated from diarrhoeic and healthy small ruminants, as well as experimental studies of pathogenicity in lambs and kids, are needed to establish the possible role of AEEC strains in neonatal diarrhoea of small ruminants.
